Introduction
IGF-I is a pleotypic mitogen for smooth muscle cells (SMC) 1 (1). Rat, porcine, and human smooth muscle cells have been shown to respond to IGF-I with increased DNA synthesis (1-3), cell growth (1, 3, 4) , cellular migration (5), and protein synthesis (6) , as well as increases of specific extracellular matrix (ECM) proteins such as, plasminogen activator inhibitor-1 (7) . These cells possess abundant IGF receptors (8) and transfection with antisense oligonucleotides that inhibit receptor synthesis (9) or incubation with anti-IGF-I antisera (10) results in attenuation of their DNA synthesis responses in the basal state and of their responses to growth factors contained in serum (9) . Therefore, IGF-I appears to be a potent SMC mitogen when added alone and a potent comitogen for other growth factors as well as an agent that is capable of stimulating extracellular matrix protein secretion. Both processes are thought to be important in establishing and maintaining neointima formation.
In addition to synthesis of IGF-I, these cells also synthesize and secrete three forms of insulin-like growth factor binding proteins (IGFBP-2, IGFBP-4, and IGFBP-5) (11, 12) . While substantial concentrations of intact IGFBP-2 are present in smooth muscle cell-conditioned medium, IGFBP-4 and -5 are much less abundant (11) . IGFBP-4 has been shown to attenuate the actions of IGF-I (11). IGFBP-2 has been shown to both attenuate (13) and enhance IGF-I actions (14) . Although it is a potent inhibitor of smooth muscle cell migration under certain conditions (5) , it has been shown to enhance the effects of IGF-I on pSMC DNA synthesis (14). This may be partly due to its ability to bind to proteoglycans in the extracellular matrix when sufficient IGF-I is present in the microenvironment (15) .
IGFBP-5 actions on smooth muscle cells have not been studied in detail, however, IGF-I-stimulated DNA synthesis in fibroblasts is enhanced when the concentration of IGFBP-5 in the extracellular matrix is increased (16) . Porcine smooth muscle cells (pSMC) synthesize abundant amounts of IGFBP-5, however, no intact IGFBP-5 can be detected in their conditioned medium (11) . This is due to the concomitant secretion of an IGFBP-5 protease that cleaves IGFBP-5 into two fragments which have very low affinities for IGF-I. Since the accumulation of IGFBP-5 in the medium in an intact form, as compared with ECM, may result in markedly different effects on IGF-I actions, this protease has the potential to regulate the amount of intact IGFBP-5 in the pericellular environment and thereby modulate IGF-I actions. These studies were undertaken to determine the cleavage site in IGFBP-5 and use in vitro mutagenesis to prepare a protease resistant form of IGFBP-5 to determine the effects of increasing the concentration of intact IGFBP-5 in the conditioned medium on IGF-I actions.
Methods
Materials. DME was purchased from Lineberger Comprehensive Cancer Center (Chapel Hill, NC). Methionine-free DME, FBS, penicillin, streptomycin, and Geneticine ® (G418) were from Gibco BRL (Grand Island, NY). Cohn fraction V BSA, an alkaline phosphataseconjugated goat anti-guinea pig second antibody, poly-L -ornithine, and dimethyl sulphoxide were from Sigma Chemical Co. (St. Louis, MO). IGF-I was a gift from Genentech (South San Francisco, CA). Des(1-3)-IGF-I was a gift from Monsanto, Inc. (St. Louis, MO). IN) . The antibody against human IGFBP-5 was prepared as described previously (17). The antibodies against phosphotyrosine, rat insulin receptor substrate-1 (IRS-1) plekstrin homology domain, and phosphoinositide 3 Ј -kinase (polyclonal) were purchased from Upstate Biotechnology Inc. (Lake Placid, NY). The oligonucleotides used for mutagenesis were synthesized by the Lineberger Cancer Research Center, Nucleic Acids Core facility (Chapel Hill, NC).
Preparation of IGFBP-5 protease and analysis of IGFBP-5 proteolysis. Approximately 1.2 liters of serum-free conditioned medium that had been obtained from confluent porcine smooth muscle cell cultures was centrifuged at 1200 g to remove cellular debris and then applied to a heparin sepharose column (2 ϫ 4 cm; Pharmacia Biotech, Uppsala, Sweden) that had been equilibrated with 0.5 M Tris, 0.1 M NaCl, 2.2 mmol CaCl 2 , pH 7.2. The sample was loaded at 20 ml/h and washed with starting buffer until absorbence returned to baseline. The proteins were eluted with step gradients containing the starting buffer plus 0.5 M NaCl followed by 2.0 M NaCl in the same buffer. Approximately 10 l of each fraction that had been eluted with 0.5 M NaCl was incubated with 80 ng of pure human IGFBP-5 for 14 h at 37 Њ C in 60 l of 0.5 M Tris containing 50 mM NaCl, 2 mM CaCl 2 , pH 7.2. The reaction products were then analyzed by SDS-PAGE, followed by immunoblotting as described below. The lower limit of sensitivity for detecting IGFBP-5 using this technique is ‫ف‬ 0.5 ng. The fraction that contains the maximum proteolytic activity toward native IGFBP-5 was used as the source of partially purified IGFBP-5 protease.
Purification of IGFBP-5 fragments after proteolysis. 25 g of native IGFBP-5 or the S143A, K144N IGFBP-5 mutant was incubated with partially purified IGFBP-5 protease for 48 h at 37 Њ C in the buffer listed previously. The reaction mixture was subsequently applied to an IGF-I affinity column that had been equilibrated in 0.05 M sodium phosphate, pH 6.6, containing 2 mM EDTA and 0.1M NaCl. After 16 h of recirculation, the retained intact IGFBP-5 and IGFBP-5 fragments were eluted with 0.5 M acetic acid. Fractions containing immunoreactive IGFBP-5 and IGFBP-5 fragments were determined by immunoblotting, then loaded onto a reverse phase HPLC C4 column (Vydac, Hespenia, CA) equilibrated with 0.4% triflouroacetic acid and H 2 O. Elution was accomplished with a 0-60% CH 3 CN gradient over 1 h. The fractions were screened by immunoblotting and those containing IGFBP-5 fragments were concentrated by lyophilization then subjected to amino acid sequence analysis.
Amino acid sequence analysis. Automated Edman degradation chemistry was used to determine the NH 2 -terminal protein sequence of the fractions containing proteolytic fragments. An Applied Biosystems Inc. model 470 gas-phase sequencer (Foster City, CA) was used for the degradations using the standard sequencer cycle, 0.03 RPTH (18) . The sequentially released PTH amino acid derivatives were identified by reverse phase HPLC analysis in an on-line fashion using an Applied Biosystems model 120A PTH Analyzer fitted with a Brownlee 2.1-mm inner diameter PTH C-18 column.
Plasmid construction for expression of native IGFBP-5 and the IGFBP-5 mutants. A full-length human IGFBP-5 cDNA was cloned into the HindIII and NotI sites of a mammalian expression plasmid pRcRSV (pRcRSV-IGFBP-5, [19] ). The pRcRSV-IGFBP-5 contains a bacteriophage origin of replication (f1) that allows production of plasmid DNA in a single-stranded form suitable for site-directed mutagenesis. Mutant IGFBP-5 cDNA in pRcRSV were prepared from pRcRSV-IGFBP-5 using a method described previously (19) . Briefly, single-stranded phagemid DNA was generated from pRcRSV-hIG-FBP-5 and mutations were introduced using synthetic oligonucleotides as substrates for antisense DNA synthesis. The sequence of complementary oligonucleotides used were as follows: ccgacaaaattggcctgggtca, Ser 143 to Ala, and Lys 144 to Asn (S143A, K144N-IGFBP-5); actgggtcagattatttctggcgtc, Lys 138 to Asn, and Lys 139 to Asn (K138N, K139N-IGFBP-5). Plasmids thus created were sequenced, and the clones containing the correct sequences were amplified and purified using silica gel anion exchange resin chromatography (Qiagen, Chatsworth, MA).
Transfection of Chinese hamster ovary (CHO) cells. CHO (K1) cells were obtained from Lineberger Comprehensive Cancer Tissue Culture facility. Cells were maintained in alpha essential medium, 10% FBS supplemented with penicillin (100 U/ml)/streptomycin (100 g/ml). Cells were transfected with pRcRSV-hIGFBP-5 (native and mutants) using calcium phosphate precipitation procedure and the positive clones were selected with 800 g/ml of G418 as described previously (19) .
Purification of native IGFBP-5 and IGFBP-5 mutants. Conditioned medium of CHO cells overexpressing IGFBP-5 (native and mutants) was centrifuged at 10,000 g for 20 min to remove cellular debris. Each recombinant IGFBP-5 was then purified as described (16) . The amount of each mutant was quantified by comparing their HPLC peak areas to an IGFBP-5 standard. The concentration of the pure IGFBP-5 standard had been determined by amino acid composition analysis (16) . To determine that each mutant had no change in its affinity for IGFBP-5, Scatchard analysis was performed as previously described. Briefly, 125 I-IGF-I (20,000 cpm per tube) was incubated with 2 ng/ml of native or IGFBP-5 mutant in 0.25 ml of 0.1 M Hepes, 0.1% BSA, pH 6.0. Duplicate tubes were incubated with increasing concentrations of IGF-I, 0.053-1.33 nM. Bound and free IGF-I were separated by precipitation using 12% polyethylene glycol (Mw 8,000-12,000) as described previously (20) . The data were then analyzed according to the method of Scatchard and the results that were obtained with native IGFBP-5 were compared to those obtained using each mutant.
Incubation of recombinant native or mutant IGFBP-5 with porcine smooth muscle cells. Porcine aortic smooth muscle cells (pSMC) were isolated from thoracic aorta of newborn pigs (age 3 wk) (21) and maintained in DME supplemented with 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin as described previously (22) . The cells were plated at a density of 2.5 ϫ 10 4 per cm 2 in 96-well culture plates (Falcon ® ; Becton Dickinson and Co., Franklin Lakes, NJ) and grown for 5 d to confluence. Cultures were rinsed once with DME without FBS then native IGFBP-5 or the IGFBP-5 mutants (500 ng/ ml) were added in 0.1 ml/well DME supplemented with 0.2% human platelet-poor plasma (PPP) (23) . The incubation was continued for 24 h. Culture media thus prepared were analyzed by immunoblotting as described below.
Immunoblotting. The 24-h conditioned medium obtained from the pSMC cultures was mixed with four times Laemmli sample buffer (in case of media incubated with purified IGFBP-5) or after concentrating fivefold by ultrafiltration through a Centricon-10 microconcentrator (in case of media obtained from IGFBP-5 overexpressing cells). The mixture was then incubated at 65 Њ C for 10 min. Between 20-40 l of each sample was separated on a 12.5% SDS polyacrylamide gel using a Mighty Small II gel apparatus (Hoeffer Scientific Instruments, San Francisco, CA). After electrophoresis, the separated proteins were transferred onto PVDF membrane (Immobilon-P, 0.45-m pore size; Millipore Corp., Bedford, MA) as described previously (22) . The membrane was probed using 1:1,000 dilution of polyclonal guinea pig antiserum against human IGFBP-5 and visualized with an alkaline phosphatase-conjugated goat anti-guinea pig second antibody as described previously (24 In some experiments, 20 ng/ml des(1-3)-IGF-I was used instead of IGF-I. At the end of incubation, the plates were placed on ice, washed with ice-cold phosphate-buffered saline twice, and incubated with ice-cold 5% TCA for 10 min. TCA precipitates thus formed were solubilized by adding 0.1 ml of 1% SDS, 0.1 N NaOH overnight, and radioactivity was measured with a Beckman scintillation counter using ScintiSafe™ Econo 2 (Fischer Scientific, Fair Lawn, NJ) as a scintillant.
Measurement of [
35 S]methionine incorporation into porcine smooth muscle cells. PSMC were grown to subconfluence on 24-well culture plates. Cultures were rinsed once with serum-free DME, and incubated with 0.25 ml of low methionine DME (a mixture of 10% DME and 90% methionine-free DME) for 24 h in the presence of 0.05 Ci/ well [ 35 S]methionine (specific activity, 1,206 Ci/mmol), IGF-I (0 or 20 ng/ml), and various concentrations of IGFBP-5 (0 to 500 ng/ml). After the incubation, the amount of 35 S that had been incorporated into the cells was determined using the same extraction method as for measuring [ 3 H]thymidine incorporation. Cell migration assay. PSMC were grown to confluence on 6-well culture plates. The confluent monolayers were wounded with a single razed blade as described by Jones et al. (25) . The plate was rinsed once and incubated in DME plus 0.2% FBS with IGF-I (0 or 100 ng/ ml) and IGFBP-5 (0 to 500 ng/ml) for 2 d at 37 Њ C. After the incubation, the number of cells migrating across the wound area was determined. Each data point represents a mean of 7-10, 1-mm regions that were selected immediately after wounding.
Immunoprecipitation. PSMC were grown to subconfluence on 100-mm culture dishes. Cells were washed three times with serumfree DME and incubated with DME plus 0.1% BSA for 24 h. IGFBP-5 was added to the conditioned medium to a final concentration of 500 ng/ml and the incubation was continued for an additional 24 h. IGF-I (0 or 50 ng/ml) was added to the conditioned medium and the cells were stimulated for 10 min. The cultures were solubilized in 0.5 ml of lysis buffer (1% Nonidet P-40; 0.25% sodium deoxycholate; 1 mM EGTA; 150 mM NaCl; 50 mM Hepes pH 7.5; 100 mM sodium fluoride; 10 mM sodium pyrophosphate; 2 mM sodium vanadate; 0.3 g/ml PMSF; 1 g/ml pepstatin A; 1 g/ml leupeptin). The insoluble material was removed by centrifugation at 13,000 g for 10 min and the supernatant was incubated with 2 g of anti-IRS-1 antibody overnight at 4 Њ C. The immune complexes were incubated with protein-A Sepharose (Sigma Chemical Co.) at 4 Њ C for 2 h. The immobilized protein A was sedimented by centrifugation at 7,000 g for 1 min, washed four times with lysis buffer, and the proteins were resuspended in Laemmli sample buffer. The samples were separated on SDS-PAGE and transferred to a PVDF membrane as described above. The membrane was incubated with a 1:1,000 dilution of antiphosphotyrosine antibody or anti PI 3-kinase antibody. The immune complexes were visualized by incubating with enhanced chemiluminescence (SuperSignal CL-H substrate system; Pierce, Rockford, IL) and exposing to Kodak X-AR film (Eastman Kodak Co., Rochester, NY).
Transfection of porcine smooth muscle cells with native and mutant IGFBP-5 cDNA. For the transfection of pSMC, the native and mutant IGFBP-5 cDNAs were subcloned from the pRcRSV expression plasmid into the pMEP4 expression plasmid (Invitrogen Corp., San Diego, CA). pRcRSV containing the native IGFBP-5, S143A, K144N-IGFBP-5, or K138N, K139N-IGFBP-5 inserts were digested with XbaI, and the ends were filled in with T4 DNA polymerase. The cDNAs were released from plasmids by KpnI digestion and ligated into the pMEP4 expression plasmid using 50 ng of pMEP4 DNA, 50 ng of each insert, and T4 DNA ligase (1.5 U). The pMEP4 plasmid had been prepared with XhoI and T4 DNA polymerase to contain a 3 Ј blunt end, and with KpnI to contain a 5 Ј KpnI overhanging end. The ligation mixture was used to transform XBLT competent Escherichia coli (Stratagene Cloning System, La Jolla, CA) and the clone that contained the correct insert was amplified and purified as described above.
PSMC were seeded on 6-well tissue culture plates (3.5 cm) and grown to 80% confluence. Plasmid DNA was introduced into cells by poly-L -ornithine method (26) . On the day of transfection, mixture of 1.5 g plasmid DNA, 1% FBS, and 3 g poly-L -ornithine was prepared in 0.3 ml of DME and added to each well. The plates were then incubated for 6 h at 37 Њ C. This treatment was removed and replaced with 0.3 ml of DME containing 25% DMSO plus 2% FBS for 4 min at room temperature. After rinsing twice, cells were incubated in DME with 10% FBS at 37 Њ C for 48 h with one medium change at 24 h. The treated cells were trypsinized, plated on three 10-cm plates then grown in DME plus 10% FBS with 100 g/ml hygromycin B. Fresh medium containing 100 g/ml hygromycin B was applied every 3-4 d until cells reached subconfluence ( ‫ف‬ 3 wk). Medium was analyzed for secretion of IGFBP-5 by immunoblotting. 1 l of culture medium was directly applied to a nitrocellulose membrane. The membrane was dried, probed using 1:1,000 dilution of polyclonal guinea pig antiserum against human IGFBP-5, and visualized with an alkaline phosphatase-conjugated goat anti-guinea pig second antibody as described previously (24) . The sensitivity of detection was adjusted such that the IGFBP-5 that was endogenously secreted by nontransfected or mock transfected porcine smooth muscle cells could not be detected. The plates that produced detectable amounts of IGFBP-5 were maintained in DME with 50 g/ml hygromycin B. The culture media were also analyzed by 12.5% SDS-PAGE with immunoblotting. The positive plates were washed once with serum-free DME and incubated for 24 h in DME plus 0.1% BSA with or without 100 g/ml heparin. The conditioned media were then concentrated five times by ultrafiltration through a Centricon-10 microconcentrator and analyzed by immunoblotting as described above. Cultures were rinsed once with serum-free DME and incubated in 250 l/well of low methionine DME (20% DME and 80% of methionine-free DME) plus 0.01% BSA for 24 h. At that time, 0.05 Ci/well [ 35 S]methionine (sp act, 1,206 Ci/mmol) plus IGF-I (0-20 ng/ ml) was added to each well, and the incubation was continued for additional 24 h at 37 Њ C. The amount of 35 
Results

Determination of the proteolytic cleavage site in IGFBP-5 by the protease that is secreted by porcine smooth muscle cells.
PSMC cultures secrete a protease that has characteristics of a serine protease activity based on protease inhibitor activity profiles (27) . Therefore, it was believed that basic residues were most likely the sites of cleavage. Analysis of partially purified proteolytic fragment by SDS-PAGE consistently yielded a predominant 22-kD fragment. Amino terminal sequencing of this fragment showed that it contained the amino terminal sequence of the intact protein. However, when the peptides that adhered to the IGF-I affinity column were sequenced an easily discernible sequence beginning with lysine 144 was detected. This experiment was repeated three times with the same result which suggested that the 22-kD fragment was generated by cleavage at the Ser 143 , Lys 144 position. To confirm that this was the primary cleavage site, a mutant containing the substitutions S143N, K144N was prepared and its susceptibility to proteolysis was determined. Although this protein was relatively resistant to cleavage compared to native IGFBP-5, prolonged incubation times clearly resulted in proteolytic cleavage (Fig.   1 ). Incubation for 72 h resulted in cleavage that was nearly complete, therefore, the rate of the cleavage of this mutant was attenuated, but not abolished.
To determine the location of cleavage site in this mutant, the purified S143N, K144N mutant was incubated with the protease. The resulting fragments were purified and then sequenced. Again, the NH 2 -terminus of the protein was detected when the most abundant fragment was sequenced. However, a second fragment beginning with lysine 139 as the amino terminal amino acid was also detected, and additional sequencing of this fragment showed that the S143N, K144N mutation was present. This suggested that K138, K139 could be the primary cleavage site in the protein and that subsequent cleavage by an amino peptidase might account for the appearance of the S143, K144 cleavage site that had been detected previously. To determine if K138, K139 was the primary cleavage site, this site was mutated to K138N, K139N. Incubation of this mutant with the partially purified IGFBP-5 protease for periods up to 72 h resulted in no detectable proteolytic cleavage (Fig. 2) . Although the band migrated somewhat aberrantly on the gel, there was almost no fragment detectable in this preparation after the prolonged incubation. In contrast, the S143N, K144N mutant was nearly totally degraded over this time period and the native IGFBP-5 was totally degraded. Thus, it appeared that K138, K139 was the primary cleavage site and the fragment that contained K144 as the amino terminal amino acid was probably generated due to further degradation after the primary cleavage reaction. Therefore, the K138N, K139N mutant was used to determine the effect of attenuating IGFBP-5 proteolysis on IGF-I action.
To determine if these amino acid substitutions had altered the affinity of K138N, K139N IGFBP-5 for IGF-I, solution binding assays and Scatchard analysis were performed. The association constant ( K a ) of K138N, K139N-IGFBP-5 was 1.9 ϫ 10 9 M Ϫ 1 which was comparable to affinity of native IGFBP-5 (e.g., 2.2 ϫ 10 9 M
). This mutant has been shown to have a 2.1-fold reduction in its affinity for extracellular matrix (our unpublished observation).
The purified mutant IGFBP-5 incubated with porcine smooth muscle cells in culture is resistant to proteolysis. Native 1, 3, 5, and 7) or S143N, K144N-IGFBP-5 ( lanes 2, 4, 6, and 8) for various time periods. After its incubation, the products of the reaction were analyzed by immunoblotting. The upper arrow denotes the molecular weight estimate of intact IGFBP-5 and the next arrow denotes the position of the major 22-kD fragment (lanes 1 and 2, 1 h; lanes 3 and 4, 4 h; lanes 5 and  6, 8 h; lanes 7 and 8, 14 h) . 1, 3, 5, 7 , and 9. The lower arrows shows the position of the 22-kD fragment (lanes 1 and 2, 0 h; lanes 3  and 4, 1 h; lanes 5 and 6, 4 h; lanes 7 and 8, 8 h; lanes 9 and 10, 14 h ).
IGFBP-5, S143N, K144N-IGFBP-5, and K138N, K139N-IGFBP-5 were added to the culture media of pSMC at concentrations of 500 ng/ml for 24 h. Media were collected, separated on 12.5% SDS-PAGE and analyzed by immunoblotting. Native IGFBP-5 incubated without IGF-I was completely degraded into a 22-kD fragment, and the addition of IGF-I protected native IGFBP-5 from proteolysis to some extent as had been demonstrated previously (Fig. 3) (17) . S143N, K144N-IGFBP-5 was partially resistant to proteolysis compared with native IGFBP-5 (Fig. 3) . In contrast, K138N, K139N IGFBP-5 did not yield any fragments (Fig. 3) and only the intact form was detected after 24 h incubation. This further supported the conclusion that K138, K139 is the primary site of cleavage by the IGFBP-5 protease secreted by pSMC. (Fig. 4) . However, addition of 500 ng/ml of K138N, K139N IGFBP-5 resulted in nearly complete inhibition of the mitogenic effects of IGF-I (Fig. 4) . Analysis of the medium at the end of the incubation period showed that most of the added K138N, K139N IGFBP-5 was intact, whereas native IGFBP-5 and S143N, K144N-IGFBP-5 were degraded (Fig. 3) . K138N, K139N-IGFBP-5 also decreased [ 3 H]thymidine incorporation into pSMC in the absence of added IGF-I. Concentrations of 100 and 500 ng/ml decreased this response by 19.9Ϯ4.9% (ϫϮS.D., n ϭ 4) and 33Ϯ9.5% compared with cells that were incubated in DME and 0.2% PPP only. This inhibition is much less than for the cultures that had been stimulated by IGF-I and may be explained by sequestration of IGF-I that is constitutively produced by pSMC during the incubation (10) .
To determine if the inhibition of [ (Fig. 6 A) . However, K138N, K139N IGFBP-5 addition inhibited the anabolic effect of IGF-I in a dose-dependent manner, and almost complete inhibition was noted when 500 ng/ml was added (Fig. 6 A) . K138N, K139N-IGFBP-5 had no effect on the basal [ H-activity incorporated into cells was measured as described in Methods. The results were expressed as a percentage of increase over control cultures that were incubated with DME plus 0.2% PPP but no IGF-I or IGFBP-5 was added. Each value is meanϮSEM of triplicates. *P Ͻ 0.05 when 500 ng/ml of native-IGFBP-5 is compared with 500 ng/ml of K138N, K139N-IGFBP-5. The figure represents the results of three independent experiments. thionine incorporation into cells measured in the absence of IGF-I (Fig. 6 B) . Thus, the protease-resistant mutant IGFBP-5 inhibited both mitogenic action and anabolic actions of IGF-I presumably by sequestrating IGF-I and preventing binding to IGF-I receptors.
Purified K138N, K139N IGFBP-5 added to culture medium inhibits IGF-I stimulated migration of porcine smooth muscle cells. The addition of 100 ng/ml of IGF-I resulted in a 166Ϯ9% increase in cell migration over 48 h. Co-incubation with 100 ng/ml of K138N, K139N-IGFBP-5 resulted in a 38Ϯ4% inhibition of the maximum response and co-incubation of 500 ng/ml of this IGFBP-5 mutant inhibited maximally stimulated migration by 76Ϯ6% (P Ͻ 0.05). In contrast, native IGFBP-5 (500 ng/ml) in the same experiment resulted in 16Ϯ2% (NS) inhibition of migration, indicating that the mutant IGFBP-5 was a much more potent inhibitor of IGF-I action (the values are meanϮSEM of three replicate experiments, each of which consists of 7-10 observation points).
Purified K138N, K139N-IGFBP-5 added to culture medium inhibits IGF-I-stimulated phosphorylation of IRS-1 and its association with PI 3-kinase.
Immunoprecipitation of IRS-1 from lysate of pSMC that were stimulated with IGF-I showed that IGF-I increased both phosphorylation of IRS-1 and its association with PI 3-kinase (Fig. 7) . The addition of K138N, K139N-IGFBP-5 to the culture medium diminished both IGF-I stimulated phosphorylation of IRS-1 and its association with PI 3-kinase (Fig. 7) . In contrast, the cultures incubated with native IGFBP-5 responded normally to IGF-I (Fig. 7) . Therefore, K138N, K139N-IGFBP-5 was also inhibitory to short-term actions of IGF-I and inhibition occurred at a step proximal to IRS-1 phosphorylation. This is consistent with the hypothesis that the mutant IGFBP-5 inhibited IGF-I action by sequestrating it.
Constitutively expressed K138N,K139N-IGFBP-5 in porcine smooth muscle cells accumulates in culture medium without being degraded. PSMC were stably transfected with native IGFBP-5 or K138N, K139N-IGFBP-5 cDNAs. PSMC transfected with pMEP4 expression vector without IGFBP-5 cDNA (mock transfection) were also prepared as control. Transfected cells were incubated for 24 h in DME with 0.1% BSA in the presence or absence of 100 g/ml heparin (added to inhibit the IGFBP-5 proteolysis [24] ). Culture media were collected, concentrated, and analyzed by immunoblotting. As is shown in Fig. 8 , mock-transfected cells accumulated only 22 kD fragment of IGFBP-5 after 24 h incubation due to proteolysis and the addition of 100 g/ml heparin partially inhibited proteoly- sis. Cells overexpressing native IGFBP-5 also accumulated only the fragment when incubated without heparin, demonstrating the transfected cultures also released the IGFBP-5 protease. When these cells were incubated with heparin, they accumulated more intact form of native IGFBP-5 than mocktransfected cells, confirming that transfected cells were producing more native IGFBP-5 than control cells. Cells overexpressing K138N, K139N-IGFBP-5 accumulated intact IGFBP-5 in the absence of heparin and incubation with heparin did not increase the amount of the intact mutant protein. Therefore, when K138N, K139N-IGFBP-5 is overexpressed in pSMC, it is resistant to the protease that is produced constitutively by the same cell type. Based on the immunoreactive band intensity, the amount of K138N, K139N-IGFBP-5 produced by transfected cells was estimated to be between 30 to 50 ng/ml per 24 h.
Overexpression of K138N, K139N-IGFBP-5 inhibits the pSMC response to IGF-I.
The effect of IGF-I on protein synthesis in the pSMC that were overexpressing K138N, K139N-IGFBP-5 was studied by measuring [ (Fig. 9 ) that was similar to nontransfected pSMC, suggesting that transfection procedure itself did not alter the sensitivity of pSMC to IGF-I action. IGF-I concentrations Ͼ 5 ng/ml achieved statistically significant increases in [ Fig. 9) and it required 20 ng/ml IGF-I to demonstrate significant stimulation in the cultures that were expressing the mutant protein. In addition, the extent of stimulation at 20 ng/ml was less than for the mocktransfected cells. Therefore, cells overexpressing K138N, K139N-IGFBP-5 were less responsive to IGF-I. This observation was confirmed by comparing multiple clones of K138N, K139N-IGFBP-5 overexpressing cells to mock-transfected cells. The IGF-I response observed using the K138N, K139N-IGFBP-5 overexpressing cultures is similar to the response obtained when nontransfected pSMC were incubated with purified K138N, K139N-IGFBP-5 (Fig. 6 A) . The amount of K138N, K139N IGFBP-5 produced by transfected cells (30 to 50 ng/ml 24 h) would be expected to block the effect of 5 ng/ml IGF-I, since 500 ng/ml of purified K138N, K139N-IGFBP-5 inhibited the action of 20 ng/ml IGF-I. Although not significantly different from the mock-transfected cells, the IGF-I response in native IGFBP-5 overexpressing cells tended to be slightly less than mock transfected cells (Fig. 6 A) , suggesting that native IGFBP-5 might be having an inhibitory effect, but that it was degraded too rapidly to sequester an amount of IGF-I that was comparable to the amount in the K138N, K139N-IGFBP-5-expressing cultures. The [ 
Discussion
IGFBP-5 that is secreted into the culture medium of pSMC is actively degraded by a serine protease that is specific for IGFBP-5 (27) . The IGFBP-5 protease is a calcium-dependent Cultures were then incubated in DME plus 0.1% BSA with (lanes 3, 5, and 7) or without (lanes 2, 4, and 6) 100 g/ml heparin for 24 h. The condition media thus prepared were concentrated five times using Centricon-10, run on 12.5% SDS-PAGE, and analyzed by immunoblotting with human IGFBP-5 antibody as described in Methods serine protease, therefore, it would be expected to cleave dibasic residues within substrate proteins (27) . In the present study, we have identified K138, K139 as the primary site cleaved by the IGFBP-5 specific protease. Amino acid sequence analysis of fragments derived from native IGFBP-5 initially suggested S143, K144 as the primary cleavage site. Although the rate of degradation of S143N, K144N-IGFBP-5 was decreased, a fragment was detected after prolonged incubation with the protease. Amino acid sequencing of this fragment showed that K139 was the amino terminus, therefore we hypothesized that K138, K139 is the primary cleavage site and the fragment that contained K144 as its amino terminus was generated by further degradation that followed the primary cleavage reaction. This hypothesis was tested by preparing the K138N, K139N mutant and determining its susceptibility to cleavage. The mutant IGFBP-5 showed complete resistance to proteolysis when it was incubated with the partially purified protease in vitro. Similarly, when it was incubated with pSMC cultures, or when overexpressed in pSMC it also remained resistant to cleavage. These observations strongly support that the dibasic residues K138, K139 form the primary cleavage site targeted by this protease.
The mutant K138N, K139N-IGFBP-5 had a somewhat slower electrophoretic mobility on SDS-PAGE compared with native IGFBP-5 indicating that the mutant might have slightly different conformation. However, we do not believe that this change is responsible for the resistance of K138N, K139N IGFBP-5 for two reasons. First, the conformational change in mutant IGFBP-5 did not result in an alteration in its affinity for IGF-I. Second, K139 was found to be the amino terminus of the major proteolytic fragment that was obtained when S143N, K144N-IGFBP5 was used as a substrate. Taken together, these results suggest that K138, K139 is the primary cleavage site in IGFBP-5 and that altering its sequence by substituting neutral amino acids for charged residues results in resistance to proteolysis. When 500 ng/ml of native IGFBP-5 was incubated with the pSMC cultures it was completely degraded after 24 h and did not alter IGF-I stimulation of [ (28) . However, we were unable to demonstrate any effect on the pSMC cultures when native IGFBP-5 was added alone and the 22-kD fragment concentration was thereby increased. This difference could be cell type specific or concentration dependent since we added less IGFBP-5 than had been used previously (28) .
In contrast to native IGFBP-5, K138N, K139N-IGFBP-5 remained in an intact form in culture medium and inhibited many known actions of IGF-I on pSMC. However, K138N, K139N-IGFBP-5 was not effective in inhibiting [ 3 H]thymidine incorporation that was stimulated by des(1-3) IGF-I, an IGF analog that has reduced affinity for IGFBP-5 suggesting this inhibitory effect is most likely due to the sequestration of IGF-I, thereby reducing its availability to bind to receptors. Although some inhibition was noted when a 1:1 molar ratio of IGFBP-5/IGF-I was used, a molar excess of IGFBP-5 (3 ‫ف‬ 7:1) was required to significantly block the actions of IGF-I (e.g., 17 nM, IGFBP-5 was necessary to maximally block the effect of 2.6 nM IGF-I). A similar molar excess of IGFBP to IGF-I has been reported to be required for sequestration of IGF-I in other test systems (13, (29) (30) (31) (32) (33) . K138N, K139N-IGFBP-5 also decreased [ ]thymidine incorporation into pSMC that can be detected when pSMC are exposed to the anti-IGF-I antibody, SM 1.2 (10) . This antibody has also been shown to inhibit the SMC response to PDGF presumably through IGF-I sequestration (10). When we tested the effect of K138N, K139N-IGFBP-5 on PDGF stimulated pSMC cultures, it inhibited [ 3 H]thymidine incorporation but it was not as effective as it was when added to IGF-I-stimulated cultures. Furthermore, it did not inhibit FBS stimulated thymidine incorporation. This suggests that the predominate effect of intact IGFBP-5 in the medium is to sequester IGF-I thus inhibiting IGF-I actions and that direct (non-IGF-I dependent) inhibitory effects are a minor component of the response.
All six forms of IGFBPs share structural homology and have high affinity for IGF-I and IGF-II. However, each binding protein has unique features including posttranslational modifications, tissue distribution, and the ability to enhance or attenuate IGF actions. IGFBP-5 is abundant in extracellular matrix, where it functions to retain IGFs and enhances their actions (15, 34) . This property of enhanced ECM binding is relatively specific for IGFBP-5. The experimental data support the conclusion that IGFBP-5 is an important growth regulator for pSMC. The synthesis of IGFBP-5 is stimulated by IGF-I in pSMC, which is not uniformly observed in other cell systems (17). Regulation of pSMC proliferation is correlated with increased production of IGF-I (4, 6, 10) and IGFBP-5 (12). Since IGFBP-5 regulates IGF-I actions, it is important to determine the consequences of IGFBP-5 degradation. In the present study, we have shown that accumulation of intact IGFBP-5 in medium is inhibitory to IGF-I action on pSMC. This suggests that proteolysis can prevent IGFBP-5 from acting as an inhibitor in medium and suggests that the continued degradation of IGFBP-5 may be required for optimal cellular responsiveness to IGF-I.
In contrast to IGFBP-5 that is present in the interstitial fluid, IGFBP-5 that is sequestered in the extracellular matrix appears to be protected from proteolysis. Furthermore, enrichment of extracellular matrix with IGFBP-5 results in enhanced responsiveness to IGF-I (16) . This suggests that proteolysis may indirectly regulate IGF-I actions by limiting the amount of intact high affinity IGFBP-5 in interstitial fluids, therefore, IGFBP-5 proteolysis would also function to cause an increase in the amount of intact IGFBP-5 in the ECM, relative to interstitial fluid. Under these conditions, the primary determinants of IGFBP-5 ECM concentrations would be the amount of available binding sites within the ECM and the rate of IGFBP-5 synthesis. Both proteoglycans (24) and specific ECM proteins such as plasminogen activator inhibitor-1 have been shown to bind to IGFBP-5. However, the factors that regulate the amount of IGFBP-5 that is bound to ECM and what controls their ECM abundance are not well defined. In spite of these gaps in our knowledge, the current study suggests that an important role of proteolysis may be to differentially favor the distribution of IGF-I to its ECM bound form of IGFBP-5. Since this form has an eightfold lower affinity than that in the culture medium, this would favor better equilibration with receptors and long-term maintenance of an enriched amount of IGF-I in the pericellular environment. Other matrices such as bone ECM have been shown to be very rich sources of IGF-II (34) . Osteoblasts also produce IGFBP-5 and an IGFBP-5 protease suggesting that the mechanism that we describe for smooth muscle cells may also be operative in this cell type and could function to enhance the accumulation of IGF-II within bone ECM (35) . In contrast, other forms of IGFBPs such as IGFBP-4 that do not bind to ECM would not have this pattern of pericellular distribution.
The findings in this study also have important implications for understanding the role of IGF-I in the progression of atherogenesis. IGF-I has been shown to be a potent stimulus of smooth muscle cell protein synthesis, deposition of extracellular matrix, migration, and division. All of these are processes that are important in atherosclerotic lesion development. Extracellular matrix of the vessel wall is a rich source of growth factors such as TGF-␤, basic fibroblasts growth factor, IL-1␤, and vascular endothelial growth factors (36) . It is plausible that IGF-I bound to IGFBP-5 in ECM will play an active role in conjunction with other growth factors at the time of vascular injury and subsequent remodeling. It will be important to determine if smooth muscle cells within atheromatous plaques express the IGFBP-5 protease and if direct infusion of protease-resistant forms of IGFBP-5 into lesions results in attenuation of IGF-I actions. Release of proteases particularly after procedures such as balloon angioplasty are thought to be important for wound repair and early neointima formation (37) . Serine proteases such as plasminogen and specific metalloproteases are expressed in vessel walls during remodeling (38) . Recently, the crucial role of plasminogen in vascular remodeling was demonstrated using mice deficient in this enzyme. After arterial wall injury, mice lacking plasminogen showed impairment in arterial neointima formation including delayed removal of necrosis debris and decreased migration of smooth muscle cells (39) . It is possible that IGFBP-5-specific serine protease functions with other serine proteases in vascular remodeling. Therefore, the significance of this protease in the hierarchy of other serine proteases that are expressed by vessel wall cell types needs further analysis.
